An Arabidopsis mutant (rnc1) with a mutation at the 313th nucleotide from the translational start site of AtNRT3.1 was isolated. The mutation resulted in the replacement of aspartate by asparagine at the 105th amino acid in a region conserved among higher plants. In the rnc1 mutant, both the nitrate concentrations in plants and the nitrate uptake from the medium were 513% compared with those of the wild type, while AtNRT3.1 mRNA was accumulated similarly and both AtNRT1.1 and AtNRT2.1 mRNA were decreased. These results suggest that the replacement of Asp105 in AtNRT3.1 markedly reduces nitrate uptake and accumulation.
In higher plants, nitrate is a major nitrogen source which can be taken up from the soil (Marschner 1995) . Nitrate is accumulated at high concentrations in plants when the soil nitrate is enriched by means such as the application of fertilizer (Miflin and Lea 1990) . Since excessive accumulation of nitrate in crops results in human and cattle diseases (Bradly et al. 1939 , Hill 1999 , it is necessary to control the ability of plants to accumulate nitrate.
The strategy for reducing the nitrate concentration in plants has so far been to enhance the ability to reduce nitrate by introducing the activated nitrate reductase (NR) gene (Quillere´et al. 1994 , Curtis et al. 1999 , Djennane et al. 2002a , Djennane et al. 2002b , Djennane et al. 2004 , Nejidat et al. 1997 , Dubois et al. 2005 , since the reduction of nitrate to nitrite, which is mediated by NR, is regarded as the ratelimiting process for nitrate assimilation. However, since the introduced NR did not always function and also as increased NR activity did not always result in the decline of nitrate accumulation in the plants, other strategies should also be investigated.
In the last decade, several new genes involved in nitrate accumulation in Arabidopsis plants have been reported. Reverse-genetic analysis has revealed that voltagedependent chloride channels (AtCLCs) or an NAR2-like gene, AtNRT3.1, contribute to nitrate accumulation. Disruption of AtCLC-a or AtNRT3.1 by insertion of T-DNA resulted in a decrease of the nitrate concentration (Geelen et al. 2000 , Okamoto et al. 2006 . Harada et al. (2004) found four quantitative trait loci (QTLs) for nitrate accumulation, and a candidate gene corresponding to the largest major QTL was identified as AtCLC-c. However, more QTLs and candidate genes associated with nitrate accumulation in plant shoots were detected by using Arabidopsis recombinant inbred lines (Loudet et al. 2003a , Loudet et al. 2003b , Harada et al. 2004 ). These results suggest that several other genes are associated with nitrate accumulation in plants, and can become strong candidates for use in producing plants with a reduced nitrate concentration.
One of the approaches to finding genes involved in nitrate accumulation in plant shoots is the isolation of nitrate accumulation mutants and the identification of genes responsible for the phenotype. Therefore, the nitrate concentration in the shoots of the M 3 plants which were derived from 2,232 ethyl methanesulfonate (EMS)-mutagenized M 2 plants were analyzed. The plants were grown in growth medium containing 5 mM nitrate. At least four plants per M 3 line were analyzed as a single sample in order to search for lines showing lower nitrate than the wild-type (WT) plants. Finally, one mutant (reduced nitrate concentration 1, rnc1) was isolated (Fig. 1A) . The nitrate concentrations of the F 1 , F 2 and F 3 generations were examined when the plants were grown in the presence of 5 mM nitrate. All of the F 1 plants accumulated nitrate at a similar level to the WT, while all of the F 3 plants showed lower nitrate (data not shown). Segregation analysis suggested that the rnc1 mutant possessed a single recessive mutation, since among 103 F 2 plants, 77 showed the normal WT phenotype ( 2 ¼ 0.95, data not shown). The WT and the rnc1 mutant plants were grown at various nitrate concentrations in order to determine the resulting nitrate accumulation in the shoots and roots. In the rnc1 mutant, the nitrate concentration in the shoots was 12, 13 and 97% of the concentration in the WT at 0.5, 5 and 15 mM external nitrate concentration, respectively (Fig. 1B) . In the roots, the response was similar to that in the shoots, though the nitrate concentration was only 42% of that in the WT when 15 mM nitrate was supplied.
Subsequently, the differences in biomass between WT and the rnc1 mutant were analyzed. Similar to the nitrate concentration, the shoot weight of the rnc1 mutant was 15, 26 and 90% of that in the WT with 0.5, 5 and 15 mM nitrate in the growth medium, respectively (Fig. 1C) . The weight of the roots was decreased to 30% of that in the WT with 0.5 mM nitrate supplementation. However, the root weight was 29 and 38% higher than that of the WT when nitrate was supplied in the medium at 5 and 15 mM, respectively.
The co-supplementation of 0.1 mM ammonium with 5 mM nitrate restored normal growth of the shoots in the rnc1 mutant (Fig. 1C) . However, the nitrate concentration in both the shoots and roots remained 512% of that in the WT, similarly to when the mutant was grown with only 5 mM nitrate (Fig. 1B) .
A feeding experiment with 15 N-labeled nitrate revealed that the net nitrate uptake in the rnc1 mutant was decreased to 12% of that in the WT and the reduction was similar to that of nitrate accumulation (Fig. 2) . Therefore, the rnc1 mutant has a defective ability for nitrate uptake in the roots.
The rnc1 mutant was crossed with the Landsberg erecta or RLD ecotype, and genetic mapping of the rnc1 mutation to a chromosomal position was carried out by simple sequence length polymorphism (SSLP) and cleaved amplified polymorphic sequence (CAPS) markers using 67 F 2 progeny. As a result, the rnc1 mutation was located on Seedlings were grown in nutrient solutions containing either 0.5, 5 or 15 mM nitrate for 14 d. To evaluate the effect of co-supplementation of ammonium, both 5 mM nitrate and 0.1 mM ammonium were supplied to the seedlings. Nitrate concentrations in the plant materials were measured by ion chromatography. Bars represent the SE (n ¼ 5). The asterisks (*) above the bars indicate a significant difference at P50.05 (t-test).
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A single nucleotide mutation of AtNRT3.1 the bottom of chromosome 5 in the vicinity of the SSLP marker, nga129 which is located at 105 cM (TAIR, http://www.arabidopsis.org/). One candidate gene corresponding to the rnc1 mutation was AtNRT3.1, a NAR2-like gene, since the gene is located near nga129 in the physical map and is involved in high-affinity nitrate uptake (Okamoto et al. 2006) . Thus, genomic DNA sequencing encompassing the AtNRT3.1 gene was performed for both the WT and the rnc1 mutant. Within the region sequenced, only a single nucleotide change leading to a change in codon identity was found in the rnc1 mutant. The codon for the Asp105 residue of AtNRT3.1 was changed from GAC to AAC, resulting in the substitution of an asparagine residue (Fig. 3) . Asp105 was located in the middle of an internal loop according to the SOSUI system (http://bp.nuap. nagoya-u.ac.jp/sosui/, data not shown), which is a conserved residue in higher plants (Tong et al. 2005) . To confirm the linkage between the phenotype of the rnc1 mutant and the replacement of the nucleotide, the nitrate concentration and the 313th nucleotide in 46 F 2 plants were investigated (Fig. 3) . All the plants showing a low nitrate concentration had the homozygous genotype of the mutant. These results indicate that the conversion from Asp105 to asparagine represents the lesion in the rnc1 mutant. The expression levels of AtNRT3.1, AtNRT1.1 and AtNRT2.1 in the roots of both the WT and the rnc1 mutant were compared (Fig. 4) . Both plants were grown in medium with 5 mM nitrate for 14 d, and then the mRNA levels relative to that of Actin2 mRNA as a control were measured by real-time PCR. The AtNRT3.1 mRNA was accumulated in the rnc1 mutant similarly to that in the WT, while expression of nitrate transporter genes was largely repressed by 52% in AtNRT2.1 or 85% in AtNRT1.1, respectively. T-DNA mutants associated with AtNRT3.1 have recently been reported by Okamoto et al. (2006) . In the range of high-affinity nitrate transport observed under a micromolar level of external nitrate concentration (Forde 2000) , the T-DNA mutants were defective in nitrate influx and grew poorly (Okamoto et al. 2006) , and the rnc1 mutant accumulated only a little nitrate and the growth of the mutant was impaired similarly to that of the T-DNA mutant (Fig. 1B, C) . These results indicate that the rnc1 mutant loses high-affinity nitrate transport as do the T-DNA mutants. In the range of low-affinity nitrate transport induced by as millimolar level of external nitrate (Forde 2000) , the T-DNA mutants showed normal shoot growth with 2.5 mM nitrate supplementation and the lowaffinity nitrate influx of the mutants was unaffected with 5 mM nitrate supplementation (Okamoto et al. 2006) , while both shoot growth and nitrate uptake were greatly decreased in the rnc1 mutant when the external nitrate concentration was 5 mM (Figs. 1A, C and 2) . These results can lead to the possibility that the rnc1 mutation affects the low-affinity nitrate transport as well as the high-affinity transport. The possible reason for the difference between the two mutants is that the mRNA level of AtNRT1.1 was decreased to a greater extent in the rnc1 mutant than in the T-DNA mutant, since AtNRT1.1 is a major nitrate transporter mediating low-affinity nitrate incorporation (Forde 2000) and both nitrate uptake and AtNRT1.1 expression were repressed to a similar extent (Figs. 2, 4) . Otherwise, this difference may also derive from the growth conditions, since nitrate accumulation is affected by such factors as the growth medium composition and light conditions.
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In conclusion, a mutant defective in the ability for nitrate uptake was isolated, and a single nucleotide mutation in the genome of this mutant resulted in the change of an amino acid residue from Asp105 to asparagine in AtNRT3.1 and a marked decrease in the nitrate accumulation in the shoots followed by a decline of nitrate uptake in Arabidopsis thaliana. These results raise the possibility that the modification of NAR2 can produce plants with a reduced nitrate concentration in the shoots.
Materials and Methods
The A. thaliana EMS-mutagenized M 2 seeds and WT of the Col-0 accessions were purchased from Lehle Seeds (Tucson, AZ, USA). The M 3 seeds self-fertilized from 2,232 M 2 seeds were grown for 14 d on a rockwool bed supplied with nutrient solution according to the method of Harada et al. (2004) , except that the Ca(NO 3 ) 2 concentration was 2.5 mM. For analysis of the roots, seeds were surface-sterilized and soaked in plastic plates containing the same nutrient solution with both 1% sucrose and 0.8% agar. When the nitrate concentration was 0.5 mM, the Ca concentration was kept at 2.5 mM by the addition of Both the shoots and roots were harvested at 14 d after germination, and dried in an oven at 608C overnight. Nitrate was extracted with deionized water overnight at 48C. The nitrate concentration was measured by ion chromatography as described by Harada et al. (2004) .
For the 15 N experiment, both the dried shoots and roots were mixed and were ground into a fine powder. The 15 N abundance was measured using both a stable isotope mass spectrometer (Tracer MAT, Thermo Electron Corporation, San Jose, CA, USA) and an elemental analyzer (EA1108, Fisons Instruments, Beverly, MA, USA).
For genetic mapping, the rnc1 mutant was outcrossed with the WT plants of both the Landsberg erecta and RLD ecotype. The resulting F 1 plants were self-fertilized, and the mutants in the segregating F 2 population were selected on the basis of the nitrate concentration in the shoots. Genomic DNA was extracted by the method of Ausubel et al. (1987) . Both the initial mapping to individual chromosomes and the subsequent fine mapping were carried out by scoring co-segregation with both the SSLP and CAPS markers. The PCR was performed by carrying out 30 cycles of 948C for 45 s, 618C for 45 s, 728C for 60 s followed by 958C for 2 min, and finally 728C for 7 min, and additional cleavage with the individual restriction enzyme was carried out at 378C for 1 h. In part, the mapping and nucleotide sequencing were entrusted to INPLANTA INNOVATIONS INC. or TAKARA BIO INC.
Total RNA was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and genomic DNA was digested with RQ1 RNase-Free DNase I (Promega, Madison, WI, USA) according to the manufacturer's instructions. The RNA was reverse-transcribed by MMLV reverse transcriptase using ReverTra Ace-a-(TOYOBO, Tokyo, Japan). AtNRT2.1 AtNRT1.1 * * Fig. 4 Expression of AtNRT3.1, AtNRT2.1 and AtNRT1.1 genes in the roots of the WT and the rnc1 mutant. Roots were sampled from 14-day-old plants supplemented with 5 mM nitrate. Total RNA was reverse-transcribed, and quantification of the cDNA was performed by real-time PCR. The expression in the WT was set to 100%. Bars represent the SE (n ¼ 4). The asterisks (*) above the bars indicate a significant difference at P50.05 (t-test). 0 -GGGACTAAAACGCAAAACGA-3 0 . The amount of the PCR product was quantified by using a LightCycler 2.0 (Roche Diagnostics, Indianapolis, IN, USA). The reaction mixture consisted of 4 mM MgCl 2 , each primer at 0.3 mM, 5 ml of cDNA and 1 ml of FastStart DNA Master SYBR GreenI. Reactions were performed as follows: 958C for 10 min, 40 cycles of 958C for 10 s, 628C for 10 s, 728C for 7 s (NRT3.1), 8 s (NRT1.1 and Actin2) or 4 s (NRT2.1), followed by melting curve analysis.
